Abstract: -NaYF 4 :Yb,Er upconversion nanocrystals are synthesized by a hotinjection method employing purified -NaYF 4 :Yb,Er particles with a size of approximately 2-3 nm as single-source precursor. The method allows to prepare either spherical nanoparticles with different sizes or nanorods by simply controlling the addition rate of the solution of -phase particles and performing the synthesis either in the absence or in the presence of seed particles. The luminescence properties of the different particles are compared also including core-shell particles.
Introduction
The precise control of the shape, size and size distribution of nanoparticles is important for studying their basic properties as well as for their use in various applications [1] [2] [3] [4] [5] . During the last years, a large number of research papers was pub-lished on the synthesis of NaREF 4 nanocrystals (RE = rare-earth), since NaREF 4 and LiREF 4 are attractive host lattices for a variety of functional optical materials such as upconversion phosphors, [6] [7] [8] [9] [10] [11] [12] [13] [14] quantum-cutting phosphors, [15] [16] [17] [18] [19] laser materials, [20, 21] and materials for solar cell applications [22] [23] [24] [25] [26] . A variety of synthetic methods has been described for producing solvent-dispersible sodium rare-earth tetrafluoride nanocrystals with controlled size, shape and capping ligand, including thermal decomposition, [7, [27] [28] [29] [30] [31] [32] co-precipitation, [6, 11, [33] [34] [35] [36] [37] [38] [39] [40] or solvothermal methods [41] [42] [43] [44] [45] [46] [47] [48] . The growth of NaREF 4 nanocrystals in oleic acid/octadecene solvent is also interesting from a mechanistic point of view because it has been shown that the resulting narrow particle size distributions are connected to the polymorphism of the system [49] [50] [51] [52] . If NaREF 4 particles of the hexagonal -phase are heated in oleic acid/octadecene, Ostwald-ripening leads to broadening of their particle size distribution (with the exception of NaLaF 4 and NaCeF 4 where decomposition occurs). Ostwald-ripening is also observed for particles of the cubic -phase, but if heating is continued for sufficiently long time small seeds of the hexagonal -phase nucleate in solution. After nucleation of these seeds, the -phase particles rapidly dissolve whereas the -phase seeds rapidly increase in size [27, 29, [53] [54] [55] . The fast release of monomers during the rapid dissolution of the -phase results in a monomer concentration so high that the particles of the less soluble -phase grow under the condition of monomer supersaturation. This leads to focussing of their particle size distribution as can be confirmed by numerical simulations based on the LSW-theory of Ostwaldripening [13, 56, 57] .
Nearly monodisperse -NaREF 4 nanocrystals are often synthesized by the thermal decomposition of the metal trifluoroacetates in hot solvent mixtures containing oleic acid [7, [27] [28] [29] [30] [31] [32] . It has been reported, however, that even in this case very small NaYF 4 :Yb,Er nanocrystals of the cubic -phase are formed as intermediate and that the final -NaYF 4 :Yb,Er nanocrystals with the hexagonal phase grow from these particles at elevated temperatures [27] . Similar observations have been reported also for other oleic acid based synthesis procedures [27, 58] . Mai et al. have shown in fact that monodisperse -phase particles are also obtained by heating purified -phase particles in such solvent mixtures [29] . The use of small -phase particles as precursors provides several advantages over molecular compounds. First, these particles represent ideal single-source precursors with identical or at least very similar chemical composition compared to the final product. Second, the final particles grow in the absence of by-products because the by-products formed during the synthesis of the -phase particles can be easily removed before their use. Third, small particles should be easily dispersible in the reaction medium since the dispersibility of nanoparticles bearing organic surface ligands usually increases with decreasing particle size, as known from size-selective precipitation techniques. Finally, the condition of monomer supersaturation can be maintained for rather long periods of time since the precursor particles release new monomer as long as their particle size is smaller than the critical particle radius under the given reaction conditions. Growth conditions where new monomer is constantly produced at high rate, however, result in strong focussing of the particle size distribution, as has been shown theoretically [59, 60] .
More recently, van Veggel et al. have shown that -NaYF 4 core-shell particles of high quality can be obtained by injecting a solution of small "sacrificial" NaREF 4 particles into a hot solution of larger -phase core-particles [13] . Hotinjection methods are in fact often employed for the synthesis of monodispersed quantum dots, metal nanoparticles, nanocrystalline metal oxides and other nanomaterials [5, 49] . Also in the case of -NaREF 4 nanocrystals, hot-injection methods are frequently used, because the metal trifluoroacetates from suitable thermally labile precursors for such metal fluoride nanoparticles. The physicochemical aspects of the hot-injection methods are discussed in detail in several review articles [4, 5, 61] .
In the work presented here we show how hot-injection techniques based on small -phase particles as single-source precursors can be used to prepare not only core-shell particles but also -NaYF 4 upconversion particles with different sizes and shapes.
Experimental section
Small "sacrificial" -NaYF 4 particles were prepared by the reaction of rare-earth oleates and sodium oleate (82%, Alfa Aesar) with ammonium fluoride (98%, Sigma-Aldrich) in a solvent mixture of oleic acid (90%, Alfa Aesar) and octadecene (90%, Alfa Aesar). The method is based on the synthesis procedure for NaYF 4 particles published by Wei et al. which was modified as given below [35] . 2.2 Synthesis of "sacrificial" -NaYF 4 :Yb,Er "Sacrificial" -NaYF 4 :Yb,Er and -NaYF 4 particles were prepared by using between 10 mmol to 60 mmol of rare-earth oleates and a 2.5 fold excess of sodium oleate. Thus, per 1 mmol of rare-earth oleate an amount of 2.5 mmol sodium oleate as well as 10 mL of oleic acid and 10 mL of octadecene were employed. The metal oleates, oleic acid and octadecene were combined and heated to 100 ∘ C under vacuum (1 mbar) and stirring. After 60 min at 100 ∘ C the Schlenk-line was switched to nitrogen atmosphere and 4 mmol of solid ammonium fluoride per 1 mmol of rare-earth oleates were added to the clear yellowish solution under nitrogen counter flow. Directly thereafter, the apparatus was cycled three times between vacuum and nitrogen atmosphere, applying vacuum for only 5 seconds in each cycle. Next, the reaction mixture was heated to 240 ∘ C under nitrogen atmosphere and kept at this temperature for 90 min. After cooling to room temperature the volume of the solution was doubled by the addition of ethanol, leading to precipitation of the nanoparticles. The particles were separated by centrifugation (5 min, 3260 g), re-dispersed in a small volume of hexane (i. e., 15 mL in the case of 60 mmol NaYF 4 ) and again precipitated by adding the nine fold volume of ethanol. After centrifugation the precipitate was dried at 80 ∘ C for at least 3 hours.
Synthesis of metal oleates
Taking into account the high amount of volatilizable organic material in the precipitate (approx. 45% mass loss according to thermogravimetric measurements under helium atmosphere), yields above 86% are calculated.
Heating-up synthesis of -NaYF 4 :Yb,Er: determination of the transition temperature
To determine the transition temperature of the sacrificial -NaYF 4 particles to the hexagonal -phase, 2 mmol of the sacrificial -NaYF 4 :Yb,Er particles were re-dispersed in 20 mL of oleic acid and 20 mL of octadecene by heating the mixture at 100 ∘ C for 30 min under vacuum and stirring. During this time a small amount of low-boiling liquid distilled off the solution. Subsequently, the solution was heated for 90 min at 240, 260, 280, 295 or 320 ∘ C under nitrogen. The resulting product was isolated as described above for the sacrificial particles.
Hot-injection synthesis of -NaYF 4 particles
A three necked round bottom flask with attached thermosensor, Miethke-type dropping funnel and reflux condenser was used for the synthesis. For the removal of low-boiling constituents under vacuum a discharge cock connected to a small one neck flask was introduced between the condenser and the three neck flask. The three-neck flask was charged with 3.5 mmol of sacrificial NaYF 4 :Yb,Erparticles, 17.5 ml of oleic acid and 17.5 ml of octadecene and the mixture was heated at 100 ∘ C under vacuum and stirring for 30 min. During this time a small amount of low-boiling liquid was distilled off. After cooling to room temperature under nitrogen atmosphere, the solution was transferred into the dropping funnel, evacuated for 10 min to remove air and subsequently kept under nitrogen. The three-neck vessel was charged again with solvent, this time with 12.5 mL of oleic acid and 12.5 mL of octadecene. The oleic acid/octadecene mixture was heated to 100 ∘ C under vacuum and low-boiling components were distilled off during 30 min. Subsequently, the solvent mixture was heated to 320 ∘ C under nitrogen and the solution of sacrificial particles in the dropping funnel was either rapidly (7 mL/s; Figure 4c ) or slowly (7 μL/s; Figure 4e ) added. After 90 min at 320 ∘ C the reaction mixture was cooled to room temperature and the product was isolated as described above for the sacrificial particles. Upscaling of the fast hot-injection synthesis for 2 g of core -NaYF 4 :Yb,Er particles: A three necked round bottom flask with attached thermosensor, Miethke-type dropping funnel and reflux condenser was used for the synthesis. For the removal of lowboiling constituents under vacuum a discharge cock connected to a small one neck flask was introduced between the condenser and the three neck flask. The three-neck flask was charged with 10 mmol of sacrificial NaYF 4 :Yb,Erparticles, 25 ml of oleic acid and 25 ml of octadecene and the mixture was heated at 100 ∘ C under vacuum and stirring for 30 min. During this time a small amount of lowboiling liquid was distilled off. After cooling to room temperature under nitrogen atmosphere, the solution was transferred into the dropping funnel, evacuated for 10 min to remove air and subsequently kept under nitrogen. The three-neck vessel was charged with 150 mL of oleic acid and 150 mL of octadecene, the solvent mixture was heated to 100 ∘ C under vacuum and low-boiling components were distilled off during 30 min. Subsequently, the solvent mixture was heated to 320 ∘ C under nitrogen and the solution of sacrificial particles in the dropping funnel was rapidly (7 mL/s) added. After 90 min at 320 ∘ C the reaction mixture was cooled to room temperature and the product was isolated as described above for the sacrificial particles.
Seeded growth of larger -NaYF 4 particles
The procedure was analogous to the hot-injection synthesis with the exception that the pure solvent mixture of oleic acid and octadecene was replaced by a solution of -NaYF 4 :Yb,Er core particles in a mixture of oleic acid and octadecene.
The latter solution was prepared by re-dispersing 0.5 mmol -NaYF 4 :Yb,Er core particles (Heating-up synthesis at 320 ∘ C; Figure 4a ) in 12.5 mL oleic acid and 12.5 mL octadecene by heating the mixture at 100 ∘ C for 30 min under vacuum and stirring. During this time a small amount of low-boiling liquid distilled off the solution.
2.6 Synthesis of -NaYF 4 :Yb,Er/NaYF 4 core/shell particles Synthesis of 15 mmol -NaYF 4 :Yb,Er/NaYF 4 core/shell particles: A three necked round bottom flask with attached thermosensor, Miethke-type dropping funnel and reflux condenser was used for the synthesis. For the removal of low-boiling constituents under vacuum a discharge cock connected to a small one neck flask was introduced between the condenser and the three neck flask. The three-neck flask was charged with 5 mmol of undoped sacrificial NaYF 4 particles, 25 ml of oleic acid and 25 ml of octadecene and the mixture was heated at 100 ∘ C under vacuum and stirring for 30 min. During this time a small amount of lowboiling liquid was distilled off. After cooling to room temperature under nitrogen atmosphere, the solution was transferred into the dropping funnel, evacuated for 10 min to remove air and subsequently kept under nitrogen. A second solution was prepared by re-dispersing 10 mmol of -NaYF 4 :Yb,Er core particles (prepared by hot-injection synthesis at 320 ∘ C) in 50 mL oleic acid and 50 mL octadecene and heating the mixture at 100 ∘ C for 30 min under vacuum and stirring. During this time a small amount of low-boiling liquid distilled off the solution. Subsequently, the solvent mixture was heated to 320 ∘ C under nitrogen and the solution of undoped sacrificial particles in the dropping funnel was slowly (7 μL/s) added.
After 90 min at 320 ∘ C the reaction mixture was cooled to room temperature and the product was isolated as described above for the sacrificial particles.
Instrumentation
XRD-measurements were performed with an X'pert-Plus System (Panalytical), TEM-images were recorded with a JEM 2100 electron microscope (JEOL) operated at 200 kV. The luminescence spectra of samples were recorded with Fluorolog 3-measurements were performed with the Nanosizer (Malvern). Histograms were derived from TEM images by analysing the dimensions of a minimum of 200 particles with the software ImageJ.
Results and discussion
Figure 1 displays transmission electron microscopy (TEM) images of the "sacrificial" -NaYF 4 particles prepared by the reaction of the metal oleates with ammonium fluoride in oleic acid/octadecene at 240 ∘ C (see experimental section).
The images show spatially well separated particles with narrow size distribution.
The mean particle size in the range of 2.5-3 nm is the smallest particle size that could be reproducibly prepared. The inset in Figure 1 shows that this value is similar to the mean distance between adjacent particles on the TEM grid. This indicates the presence of oleic acid ligands on the particle surface, as usual for oleic acid-based synthesis procedures. Dynamic light scattering measurements of the particles dispersed in hexane indicate a mean (Stokes) diameter of approximately 7 nm (Figure 2 ), roughly in accord with the size expected for a 2.5-3 nm particle bearing a monolayer of oleic acid molecules on its surface (The length of the fully stretched oleic acid molecule is about 2.2 nm). The particles can in fact be easily redispersed in apolar solvents provided that extensive washing is avoided after synthesis. Due to the limited number of washing steps therefore applied (see experimental section), the samples show a weight loss of 45 wt-% in thermogravimetric measurements, slightly more than expected for spherical 3 nm particles bearing a monolayer of oleic acid. The X-ray powder diffraction data (Figure 3a ) of the material are in accord with the cubic -phase, as expected for the low reaction temperature of 240 ∘ C, and show strongly broadened peaks due to the small size of the crystallites. From the Scherrer formula a mean crystal size of approximately 2-3 nm is calculated which is roughly in accord with the TEM images given in Figure 1 .
To investigate the transformation of the small -NaYF 4 particles to the hexagonal phase of NaYF 4 under our reaction conditions, we redispersed the purified -NaYF 4 particles in a solvent mixture of oleic acid and octadecene and heated the colloidal solution for 90 min at a constant temperature between 240 ∘ C and 320 ∘ C. The XRD data (Figure 3 ) of the resulting products indicate that, for temperatures not exceeding 260 ∘ C, particle growth is neglible and the cubic phase is retained. After heating to 280 ∘ C, a mixture of hexagonal phase and cubic phase NaYF 4 particles is observed with a mean particle diameter of 7 nm and 5 nm, respectively. Heating to 295 ∘ C further reduces the amount of -phase material whereas pure -NaYF 4 particles which are obtained when the precursor particles are heated at 320 ∘ C.
The TEM images and size histograms in Figure 4 display -NaYF 4 particles prepared at 320 ∘ C. In all cases purified -NaYF 4 particles were used as singlesource precursor but the particles were employed in three different ways. When the -phase particles are dispersed in a mixture of oleic acid and octadecene and heated up, small hexagonal phase particles with a mean width of 15 nm, a length of 18 nm and a narrow particle size distribution are obtained after heat- ing at 320 ∘ C for 90 min ( / 0 = 7%-10%, Figure 4a and b). The anisotropic width of the XRD peaks shows that the particles are elongated along the -axis of the unit cell. If the solution of sacrificial -NaYF 4 particles is rapidly injected (7 mL/s) into a hot (320 ∘ C) mixture of oleic acid and octadecene, the resulting particles show a mean width of 12 nm and mean length of 13 nm (Figure 4c ) after 90 min at 320 ∘ C. The size distribution is therefore even somewhat narrower ( / 0 = 7%-8%, Figure 4d ) compared to the heating-up method (Figure 4a,b) .
The small mean size and the narrow size distribution indicate a high rate of nucleation as well as strong supersaturation conditions during particle growth. In contrast, more than five times larger particles with a broad size distribution (37 nm width, 43 nm length, / 0 = 26%-30%, Figure 4e and f) are the result when the solution of particles is added very slowly (7 μL/s) to the hot solvent mixture. Obviously, a comparatively small number of particle seeds is formed when the first amount of solution is added and the subsequently injected sacrificial particles increase the size of these seeds. However, since the concentration of the growing particles is low, nucleation of new seeds takes place also at later stages of the synthesis resulting in the broad size distribution observed. This nucleation of new seeds can be avoided if the hot solvent mixture is replaced by a hot and sufficiently concentrated solution of -NaYF 4 seed particles. If only a small amount of undoped -phase NaYF 4 particles is added, the particles show improved luminescence properties (see below, Figure 7 ) and a homogeneous increase of their size as was already reported by van Veggel et al. [13] . The Yb,Er-particles were used as precursor in all cases but employed in three different ways: (a, b) Heating-up method, (c, d) hot-injection method (7 mL/s) and (e, f) slow addition to hot solvent (7 μL/s). In all three methods the -phase particles were exposed for 90 min to a temperature of 320 ∘ C in oleic acid/octadecene. increased upconversion efficiency indicates that the resulting NaYF 4 :Yb,Er/NaYF 4 particles have in fact core/shell structure [58] . The method is however not restricted to shells of low thickness. The particle size is increased by a factor of two, for instance, when a solution containing the sevenfold amount of sacrificial particles is added to the core-particles, as the particle volume increases by a factor of eight in this case. If the 15 nm wide and 18 nm long particles given in Figure 4a are used as -phase core particles and the solution of the sacrificial -phase particles is added very slowly (7 μL/s), well facetted -phase particles with a mean width of approximately 28 nm and mean length of roughly 32 nm (Figure 5c ) and a narrow size distribution of 8%-10% are obtained (Figure 5d ) in fact corresponding to about twice the size of the core particles with 15 nm width and 18 nm length. A similar increase of the particle size is observed if the solution of sacrificial particles is rapidly injected (7 mL/s), but the resulting -phase particles are more strongly elongated with a width of 20 nm ( -axis) and a length of 37 nm ( -axis) (Figure 5a ; Histogram in Figure 5b ). Reaction conditions favouring the growth along the crystallographic -axis have also been found for other crystals with hexagonal symmetry, for instance, wurtzite phase CdSe nanocrystals [62] .
Upon excitation at 978 nm, the Yb, Er-doped samples display the characteristic two-photon upconversion emission in the green and red spectral region along with some weak emission in the blue caused by the corresponding threephoton process ( Figure 6 , -NaYF 4 :Yb,Er particles) [63] . In Figure 7 , the upconversion intensities of our samples are compared with the emission of -NaYF 4 :Yb,Er bulk material. The usual double-logarithmic plot of the emission intensity versus the excitation intensity yields straight lines for all samples. As expected for the two-photon excitation process, all data sets are in accord with a slope of two [64] . Similar to results published by other groups, the upconversion intensity of NaYF 4 :Yb,Er nanoparticles strongly depends on the particle size, crystal phase and the existence of a passivation shell over the optically active particle core [9, 31, 38, [65] [66] [67] [68] . Smaller particles are expected to show a weaker upconversion efficiency because of their large surface-to-bulk ratio. Smaller particles therefore require a smaller number of energy transfer steps between adjacent Yb 3+ ions to reach the surface where radiationless deactivation of the excitation energy is likely to take place. Moreover, a higher fraction of Erbium ions are located at surface sites with lower upconversion efficiency. The sacrificial particles therefore display the weakest upconversion emission, approximately 10 7 times less than the bulk material, because of their very small particle size (2-3 nm) and due to the inherent lower upconversion efficiency of the -phase [7] . The 15 nm wide and 18 nm long -NaYF 4 :Yb,Er core nanoparticle prepared by heating (Figure 4a ) and the 12 nm wide and 13 nm long -NaYF 4 :Yb,Er prepared by hot-injection ( Figure 4c) show comparable upconversion intensities, about 2000 to 3000 times smaller than the bulk material. Higher efficiencies are observed for larger particles such as the 28 nm wide and 32 nm long nanocrystals (Figure 5c ) and the 20 nm wide and 37 nm long nanorods (Figure 5a ). The particles in these two samples have similar volume and comparable upconversion intensity (200 and 400 times less than the bulk material). The very thin shell used in our core/shell experiment which increases the particle size by only about 1 nm already enhances the upconversion efficiency by a factor of 33. The upconversion intensity of the core/shell particles with the thin shell is about 100 times smaller than for the bulk material, for which quantum yields of 3%-20% have been reported in the literature [69, 70] .
It is likely that the surface coverage and, hence, the upconversion efficiency can be further improved by applying more shell material, also leading, of course, to a further increase of the particle size. In fact, van Veggel et al. reported on 30 nm core/shell particles with an upconversion efficiency only 10 times smaller than the bulk material [69] . In this case, larger core particles were used and a molar ratio of core and shell material of 1 : 1.
Conclusion
In conclusion, the hot-injection of small -phase particles yields -phase NaYF 4 nanoparticles with narrow particle size distribution. The technique is not only useful to precisely increase the size of nanoparticles by seeded growth and to prepare core/shell particles with improved optical properties but also to synthesize upconversion particles with different shapes.
